Bacterial genetic material can be horizontally transferred between microorganisms 17 via outer membrane vesicles (OMVs) released by bacteria. Up to now, the application of 18 vesicle-mediated horizontal transfer of "degrading genes" in environmental remediation 19 has not been reported. In this study, the nirS gene from an aerobic denitrification 20 bacterium, Pseudomonas stutzeri, was enclosed in a pET28a plasmid, transformed into 21 Escherichia coli (E. coli) DH5α and expressed in E. coli BL21. The E. coli DH5α 22 released OMVs containing the recombination plasmid pET28a-nirS. Moreover, the 23 amount of released OMVs-protein and DNA in OMVs increase as heavy metal 24 concentrations and temperature increased. When compared with the free pET28a-nirS 25 plasmid's inability to transform, nirS in OMVs could be transferred into E. coli BL21 26 with the transformation frequency of 2.76×10 6 CFU/g when the dosage of OMVs was 27 200 µg under natural conditions, and nirS could express successfully in recipient bacteria. 28 Furthermore, the recipient bacteria that received OMVs could produce 18.16 U ml -1 29 activity of nitrite reductase. Vesicle-mediated HGT of aerobic denitrification genes 30 provides a novel bioaugmentation technology of nitrogen removal. 31 32 Importance 33
Construction and expression of pET28a-nirS-EGFP and pET28a-nirS plasmids
In this study, the plasimids harboring napA, norB, nirS and nosZ gene were 142 constructed, respectively. However, only the nirS gene could be expressed in E. coli 143 BL21; therefore, we selected the plasmid harboring nirS as the object gene of HGT. The 144 construction of pET28a-nirS-EGFP and pET28a-nirS plasmids is shown in Fig. 1a and containing the recombinant plasmid pET28a-nirS-EGFP, the SDS-PAGE after IPTG 150 induction showed a band at approximately 89 kDa, corresponding to the expected size of 151 the fusion protein (Fig. 1c, lane 2) . For BL21(DE3) cells transformed with empty 152 pET28a, SDS-PAGE after IPTG induction showed no band (Fig. 1c, lane 1) . 153 Furthermore, western blotting results showed there were obvious bands at the 154 corresponding positions, indicating that E. coli BL21(DE3) successfully expressed the 155 fusion protein (Fig. 1d ).
157
OMVs released from E. coli harboring the plasmid pET28a-nirS 158 In this study, we transformed the plasmid pET28a-nirS into E. coli DH5α and 159 observed if the transformed E. coli could release OMVs. As shown in Fig. 2a and b, E. 160 coli DH5α harboring the plasmid could release OMVs. OMVs production by E. coli 161 strain was confirmed by transmission electron microscopy, indicating that E. coli actively 162 released OMVs without any external stimulation during its growth. OMVs were isolated 163 9 from bacteria in late stationary phase by an ultra-high-speed freezing centrifuge. Fig.2a 164 indicates the process of OMVs released from the outer membrane of E. coli. OMVs have 165 a spherical structure with a bilayer membrane, with an average diameter of 25 nm. The 166 solution containing OMVs were observed with a microscope and coated on a plate with 167 Luria-Bertani agar (LA) medium. There were no bacteria found under the microscope and 168 no bacterial growth on the plate overnight, indicating that OMVs extracted in this study 169 had high purity.
170
DNA in the OMVs from E. coli-nirS was amplified by PCR using specific primers 171 for the nirS gene. As shown in Fig. 2c 
Effect of environmental stresses on vesiculation and inclusion content in OMVs 178
To evaluate the effect of environmental stresses on OMVs released from bacteria, 179 heavy metals (Cu 2+ 25 mg l -1 , 50 mg l -1 ; Cd 2+ 5 mg l -1 ) were added to the culture medium 180 to stimulate the release of OMVs from E.coli. As shown in Figs. 3 and 190 In this study, the membrane of OMVs released from E. coli-nirS/EGFP was 191 fluorescently stained with CM-DiI dye (orange color) ( Fig. 5, upper Previous studies have reported that vesicles released from the bacterial outer 226 membrane are loaded with many bacterial contents. Different types of nucleic acids (i.e., 227 chromosomes, plasmids, DNA and RNA) were found in OMVs released from Gram-228 negative bacteria, as shown in Table 1 . In this study, the gene nirS was also detected in 229 vesicles released by recombinant E. coli-nirS. Moreover, the amount of released vesicles 230 containing DNA was affected by temperature and heavy metals.
Horizontal transfer of the aerobic denitrification gene (nirS)

231
Reports indicate that different stress conditions, including antibiotics (28), 232 temperature (10), ultraviolet irradiation (28, 33), virulence factors (34), SOS response 233 (35), oxygen stress (36), nutritional deprivation (28) and physical pressure (34), can 234 12 affect the number of vesicles released from bacteria. In this study, the release of OMVs 235 was stimulated by adding heavy metals to the environment when the bacteria growth rate 236 was unrestricted. The results showed that the release of OMVs increased with the 237 increase of heavy metal toxicity. The Tol-Pal, an inner membrane protein systems of 238 gram-negative bacteria, interacts with peptidoglycan (PG) to maintain cell membrane 239 stability. Studies have shown that disruption of the Tol-Pal system or lack of interaction 240 in the outer membrane protein-peptidoglycan and the inner membrane protein-241 peptidoglycan induces membrane instability, causing cells to increase vesicle biogenesis 242 to maintain membrane stability (37, 38) . Heavy metal toxicity may cause damage to the 243 cell membrane, causing local deletion of the Tol-Pal system or a decrease in the amount 244 of membrane protein and resulting in the release of a large amount of OMVs by E. coli. 245 However, when the concentration of Cd 2+ increased to 25 mg l -1 , the amount of OMVs 246 released by bacteria decreased. This may be due to bacterial growth rate inhibition under 247 the stimulation of high heavy metal concentrations, reducing the amount of OMVs 248 released by cells in the early stage of bacterial growth. Recent studies have also shown 249 that high growth temperatures can increase the number of vesicles produced. In this 250 study, when the culture temperature of the E. coli increased from 25 °C to 37 °C, the 251 number of produced OMVs increased. The temperature stress increases the accumulation 252 of misfolded proteins, which will be transported out from bacteria by promoting the 253 formation of OMVs to maintain normal cell physiological activity (10).
254
In this study, when compared with the control, DNA content increased with the 255 increase of heavy metal toxicity and temperature without affecting the growth rate of OMVs from E. coli were loaded with aerobic denitrification genes but also found that the 308 The DNAMAN software was used to compare multiple nirS genes of P. stutzeri on 309 the NCBI website to design homologous primers. The full-length nirS was generated 310 from P. stutzeri by PCR using homologous primers N1 and N2 (Table S2 ). The 311 procedures were as follows: 94 °C for 4 min followed by 35 cycles (94 °C for 60 s, 62 °C 312 for 40 s and 72 °C for 10 min). The full-length EGFP was generated by PCR with primers 313 EGFP-P1 and EGFP-P2 (Table S2 ). The procedures were as follows: PCR was performed 314 for 30 cycles at 94 °C for 30 s, 58 °C for 30 s and 72 °C for 60 s. TA cloning was carried 315 out after purifying the PCR products by cutting gel recovery, and five recombinant 316 plasmids were screened and sequenced by Shanghai Biotechnology Service Company.
Molecular cloning of full-length nirS and EGFP
317
The sequence of the nirS was submitted on NCBI website (http://www.ncbi.nlm.nih.gov) 318 which can be used for homology analysis. The secondary protein structure of the nirS was 319 analyzed on SOPMA website (https://npsa-prabi.ibcp.fr). The signal peptide sequence of 320 the gene was analyzed by Detaibio bioinformatics tools (http://www.detaibio.com/tools/).
321
The presence and Location of transmembrane region in the nirS sequence was predicted 322 by TMHMM2.0 (http://www.cbs.dtu.dk). 325 We used overlap PCR to generate the nirS-EGFP fusion gene. The following four 326 primers, designed based on the sequences of EGFP and nirS, were used (Table S2 ). The Laser confocal scanning microscope 463 The purified OMVs were stained with CellTracker™ CM-DiI Dye (Thermo Fisher), 464 which is non-fluorescent in aqueous solution, and were labeled by binding OMVs to lipid 465 molecules of the membrane structure. OMVs were incubated with 0.5 μM CM-DiI dye at 466 37 °C for 30 min and then centrifuged at 20,000  g and 4°C for 2 h. The stained OMVs 467 were washed twice with PBS buffer (pH 7.4) and then re-suspended in 100 μl PBS. E. 468 22 coli BL21 cells were stained with VybrantTM DiO live cell tracer (ThermoFisher). Cell-469 labeling solution (5 μl) was put into 1 ml of E. coli BL21 cell suspension (1×10 6 ml -1 ) 470 and incubated at 37 °C for 20 min. Finally, the cell suspension was centrifuged at 2000  471 g for 10 min. After the supernatant was removed, cells were washed twice with PBS 472 buffer (pH 7.4) and then re-suspended in 500 μl PBS before stained OMVs with CM-DiI 473 fluorescence were added. Then, the mixed liquid was incubated statically for 45 min at 
324
Construction, expression and purification of nirS-EGFP and nirS
